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fflGH  DENSITY  PLASMA  ETCHING  OF  NOVEL  ELECTRONIC  AND 

MAGNETIC  MATERIALS:  LaCaMnOs  AND  SiC 

By 
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New  etch  processes  have  been  developed  for  important  magnetic  and  electronic 
materials  with  application  in  next  generation  data  storage  and  power  switching.  First,  a 
number  of  different  plasma  chemistries  have  been  employed  for  patterning  of  LaCaMnOs 
(and  related  SmCo)  thin  films  for  application  in  magnetic  field-biased  structures  based  on 
the  colossal  magneto-resistive  effect.  For  LaCaMnOs  there  was  no  chemical 
enhancement  in  etch  rate  over  simple  Ar  sputtering  for  CI2,  SFg  and  CH4/H2  plasmas 
under  high  ion  density  conditions  except  BI3  and  BBrs  plasmas.  This  is  expected  based 
on  the  vapor  pressures  of  the  prospective  etch  products.  There  is  some  chemical 
enhancement  of  etch  rates  at  low  halide  compositions  in  the  BL/Ar  and  BBrs/Ar 
discharges,  and  the  rates  are  a strong  function  of  ion/neutral  ratio.  In  this  case,  etch  yields 
are  typically  low  (<0.3)  under  Inductively  Coupled  Plasma  conditions.  For  SmCo 
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however,  etch  rates  up  to  7,000  A min'*  were  obtained  in  Cb/Ar  plasmas,  which  is  an 
order  of  magnitude  faster  than  Ar  sputtering  under  the  same  experimental  conditions. 
Smooth  etched  surface  morphologies  and  anistropic  sidewalls  were  obtained  for  both 
materials  over  a wide  range  of  plasma  source  and  chuck  powers. 

Secondly,  a parametric  study  of  the  etching  characteristics  of  6H  p^  and  n^  SiC  and 
thin  film  SiCo.sNo.s  in  inductively  coupled  plasma  NF3/O2  and  NFa/Ar  discharges  has  been 
performed.  The  etch  rates  in  both  chemistries  increased  monotonically  with  NF3  percentage 
and  rf  chuck  power.  The  rates  were  strong  functions  of  plasma  composition,  ion  energy  and 
ion  fluxes;  and  were  independent  of  conductivity  type  for  SiC.  They  went  through  a 
maximum  with  increasing  ICP  source  power,  which  is  explained  by  a trade-off  between  the 
increasing  ion  flux  and  the  decreasing  ion  energy.  The  anisotropy  of  the  etched  features  is 
also  a function  of  ion  flux,  ion  energy  and  atomic  fluorine  neutral  concentration.  Indium-tin- 
oxide  (ITO)  masks  display  relatively  good  etch  selectivity  over  SiC  (maximum  of  ~70:1), 
while  photoresist  etches  more  rapidly  than  SiC.  The  surface  roughness  of  SiC  is  essentially 
independent  of  plasma  composition  for  NF3/O2  discharges,  while  extensive  surface 
degradation  occurs  for  SiCN  under  high  NF3:  O2  conditions. 
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CHAPTER  1 
INTRODUCTION 


New  interest  in  the  design  of  magnetic  sensors,  magnetic  memories,  and  other 
devices  based  on  magnetic  and  magneto-resistive  materials  has  been  initiated  by  the 
discovery  of  multilayered  “giant  magnetoresistive”(GMR)  materials^  ^ and  more  recently 
by  the  study  of  La-manganite  perovskite  “colossal  magnetoresistive”(CMR)  materials.  ^ 
In  both  cases  the  implementation  of  practical  devices  requires  the  development  and 
control  of  etching  and  patterning  procedures  which  do  not  degrade  the  magnetic 
properties  of  the  materials.  Generally,  the  magnetic  field  response  of  magnetic  thin-film 
materials  is  highly  sensitive  to  their  micro  structural  and  interfacial  properties.  In  the  case 
of  La-manganite  materials,  another  limitation  at  present  is  that  the  observed  field-induced 
resistivity  transition  is  most  sensitive  above  magnetic  fields  of  about  1 Tesla.  Thus  the 
necessary  bias  field  is  too  large  to  be  produced  by  an  electrical  current  within  the  device, 
as  is  done  for  typical  low-field  magnetoresistive  sensors.  Consequently  it  may  be 
necessary  to  provide  a fixed,  built-in  bias  field  within  the  device,  from  a hard  magnet 
materials  such  as  SmCo.  In  that  case  etch  and  patterning  recipes  must  also  be  developed 
for  such  materials. 

There  has  also  been  a revival  of  interest  in  Silicon  carbide  (SiC)  based 
semiconductor  electronic  devices  and  circuits  for  use  in  high-temperature(>  250°C), 
high-power  conditions  under  which  conventional  semiconductors  cannot  adequately 
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performJ^'^^^  The  applications  range  from  greatly  improved  high-voltage  switching*^^^'^^^ 
for  energy  savings  in  public  electric  power  distribution  and  electric  vehicles,  more 
powerful  microwave  electronics  for  radar  and  communication^^°^  to  sensors  and  controls 
for  cleaner-burning  more  fuel-efficient  jet  aircraft  and  automobile  enginesP^’^^^  SiC  is  the 
most  mature  of  the  candidate  semiconductors,  which  include  diamond  and  GaN,  and  has  the 
advantage  of  high  thermal  conductivity  and  availability  in  both  bulk,  single-crystal  and  thin- 
film  form.  The  two  most  common  polytypes  are  6H  and  4H,  although  cubic  material  (3C)  is 
also  available'^^’^’*^’^^^.  There  are  a wide  variety  of  device  structures  that  have  been  fabricated 
in  6H,  including  thyristors,  static  induction  transistors,  Schottky  diodes,  metal- 
semiconductor  field  effect  transistors  (MESFETS)  and  various  vertical  Metal-Oxide- 
Semiconductor  (MOS)  devices.^^’^^^  There  is  also  interest  in  SiCN  alloys  for  heterostructure 
electronic  devices.  In  all  of  these  materials  there  is  a need  for  pattern  transfer  capability. 


CHAPTER  2 

DRY  ETCHING  TECHNIQUES 

2.1  .The  Transition  from  Wet  to  Dry  Etching 
Etch  processes  are  judged  by  their  rate,  selectivity,  uniformity,  directionality 
(isotropy  or  anistropy),  surface  quality,  and  reproducibility.  There  are  two  different  etching 
methods  by  using  two  quite  different  media:  liquid  chemicals  (wet  etching)  and  reactive  gas 
plasmas  (dry  etching).  Wet  etching  is  performed  by  immersing  the  wafers  in  an  appropriate 
solution  or  by  spraying  the  wafer  with  the  etchant  solution.^^^Trior  to  the  1 970s,  virtually  all 
semiconductor  devices  were  etched  in  wet-etchant  baths  that  were  manually  controlled. 

Wet  etching  has  some  advantages:  simple,  low  cost,  low  damage  to  the  wafer,  high 
selectivity  and  high  throughput.  However,  as  the  requirements  developed  for  increasing 
circuit  density  and  narrower  line- width  in  the  manufacture  of  VLSI  ( very  large-  scale 
integrated  circuit  )/ULSI  ( ultra  large-  scale  integrated  circuit ) devices,  it  became  necessary 
to  have  new  etching  methods  to  replace  the  wet  etching.  The  main  limitations  of  wet  etching 
include  its  isotropic  nature,  making  it  incapable  of  patterning  sub-micron  features,  and  the 
need  for  disposal  of  large  amounts  of  corrosive  and  toxic  materials.  Dry  etching  methods 
became  the  favored  approach  for  the  etching  processes  for  integrated  circuit  manufacture  in 
the  late  1960s  and  early  1970s.^^'^These  use  plasma-driven  chemical  reactions  and  /or 
energetic  ion  beams  to  remove  materials.  The  most  significant  advantage  of  dry  over  wet 
etching  is  that  it  provides  higher  resolution  potential  by  overcoming  the  problem  of  isotropy. 


3 


4 


Other  benefits  are  the  reduced  chemical  hazard  and  waste  treatment  problems,  and  the  ease 
of  process  automation  and  tool  clustering. 

2.2.  Mechanism  of  Dry  Etching 

As  mentioned  before,  the  predominant  advantage  of  dry  over  wet  etching  is 
anisotropy.  It  is  necessary  to  understand  the  range  of  directionality  that  may  be  obtained 
using  dry  etching  techniques.  Figure  2-1  indicates  a comparison  among  isotropic, 
moderately  anisotropic,  and  highly  anisotropic  processes. 

There  are  four  basic  categories  for  the  mechanisms  shown  in  Figure  2-2‘P^‘ 

a)  Sputtering. 

The  interaction  is  purely  physical,  involving  momentum  transfer.  The  positive  ions 
strike  the  substrate  with  high  energy.  The  surface  atoms  receive  the  energy  transferred 
from  the  ions  and  are  ejected  from  the  surface,  leading  to  material  removal.  Sputtering 
lacks  selectivity  among  different  materials  because  the  ion  energy  required  to  eject  the 
surface  atoms  is  very  large  compared  with  the  differences  in  surface  bond  energies  and 
chemical  reactivity.  Additionally,  the  etch  rates  are  very  slow  by  sputter  etching. 

b)  Purely  chemical. 

The  thermalized  neutral  radicals  react  with  substrate  material  and  create 
volatile  products  which  will  escape  from  the  surface  and  be  pumped  out  of  the  chamber. 
Purely  chemical  is  the  most  selective  mechanism.  However  it  is  usually  non-directional 
(isotropy),  and  cannot  maintain  the  small  dimensions  needed  in  the  manufacturing 
processes. 

c)  Ion-enhanced  energetic  mechanism. 


MATERIALS  MASK 
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(middle),  and  highly  anisotropic  (right)  etch  processes. 
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Figure  2-2  The  four  basic  mechanisms  of  plasma  etching: 

(a)  sputtering 

(b)  purely  chemical 

(c)  ion-enhanced  energetic  mechanisms 

(d)  ion-enhanced  inhibitor 
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There  is  little  surface  reaction  with  neutral  radicals,  until  energetic  ions  enhance  the 
reactivity  of  a substrate  or  product  layer,  allowing  formation  of  the  volatile  product.  Its 
particular  advantage  is  anisotropy, 
d)  Ion-enhanced  inhibitor. 

The  inhibitor  species  form  a polymer-like  material  on  the  sidewall  which  helps  to 
block  etching  of  the  sidewall  and  leads  to  increased  anisotropy.  The  vertical  sidewall  of 
features  are  protected  by  the  materials  formed  on  the  sidewall,  while  ion  bombardment 
suppresses  inhibitor  growth  on  the  horizontal  surfaces  that  are  etched.  This  phenomenon 
is  called  sidewall  passivation. 

2.3.  Dry  Etching  Techniques 

Dry  etching  takes  place  through  a combination  of  chemical  and  physical 
components  in  order  to  obtain  the  desired  results.  The  chemical  etch  component  is  rapid  but 
isotropic,  the  physical  component  is  slow  but  anisotropic.  Therefore,  we  need  to  find  the 
best  etching  technique  in  which  the  physical  and  chemical  components  are  balanced. 

r32i 

Below  are  some  of  the  dry  etching  techniques  in  common  usage.^ 

1 ) Ion  milling. 

It  is  also  called  ion  etching  and  is  a purely  physical  process.  A typical  configuration 
of  an  ion  milling  machine  employs  a high  energetic  (500-800  eV)  inert  ion  beam 
(typically  Ar^)  to  erode  the  surface  by  bombardment  at  the  pressure  < 10"^  Torr  (Figure 
2-3).^^^^  The  advantage  of  the  technique  is  the  complete  absence  of  undercutting.  The  bad 
side  is  that  there  is  little  selectivity  to  mask  materials,  low  etch  rates,  redeposited,  ion  on 
feature  sidewalls  and  damage  to  the  device  due  to  the  high  ion  energy. 
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Figiore  2-3  General  configuration  of  an  ion  milling  system. 
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2)  Plasma  etching. 

A plasma  is  a gas  which  contains  equal  numbers  of  positive  and  negative  charges,  as 
well  as  neutral  atoms,  radicals,  and  molecules.  These  reactive  species  serve  to 
chemically  etch  away  materials  such  as  resist,  dielectrics,  or  metals  at  pressures 
>100mTorr.  During  the  purely  chemical  etching  process,  three  steps  occur: 
adsorption  of  the  necessary  species  on  the  materials  surface,  chemical  reaction,  and 
desorption  of  the  products.  The  advantage  of  the  technique  is  rapid  etch  rates,  but  the 
drawbacks  are  isotropy,  a tendency  for  strong  loading  effects,  and  release  of  heat. 
Figure  2-4  shows  the  basic  configuration  of  a parallel  plate,  planar  plasma  etching 
system.  As  noted  there,  there  is  a zone,  referred  to  as  the  plasma  sheath  that  separates 
the  plasma  from  the  sample  electrode.  The  electrodes  become  negatively  charged  by 
the  electrons  from  the  plasma  because  the  electrons  have  greater  mobility  than  do 
positive  ions  in  the  plasma. 

3)  Reactive  ion  etching  (RIE). 

The  mechanism  of  this  technique  is  very  similar  to  the  plasma  etching  technique. 
To  increase  etch  directionality,  lower  pressure  and  a different  equipment 
configuration  are  employed.  It  is  typically  performed  at  lO-lOOmTorr  pressure  in  an 
asymmetric  parallel-plate  reactor  and  is  highly  anisotropic  which  means  the  vertical 
etch  rate  far  exceeds  the  lateral  etch  rate.  As  shown  in  Figure  2-5,  the  area  of  a flat 
electrode  held  the  wafers  is  much  smaller  than  the  other  electrode.  The  smaller 
electrode  is  powered  by  rf  power  (radiofrequency,  usually  13.56MHz).  The  ion 
density  is  in  the  range  10  -lO"  cm'^  for  most  conventional  rf  discharges,  and  up  to 
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Figure  2-4  Configuration  of  parallel  plate,  planar  plasma  etching  system. 
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Figure  2-5  General  configuration  of  a reactive  ion  etching  (RIE)  system. 
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1 0 cm  for  some  of  the  new  high-density  discharge,  such  as  Electron  Cyclotron 
Resonance  (ECR).  The  disadvantage  of  RJE  is  convective  heating  and  is  reduced  by 

putting  the  wafers  on  a cooled  stage  to  restrict  temperature  rise  during  etching. 

4)  Reactive  ion  beam  etching  (RIBE). 

It  is  a further  extension  of  RJE  and  could  be  considered  an  intermediate  step  between 
RIE  and  ion  milling.  Unlike  RIE,  some  physical  sputtering  can  remove  the  non-volatile 
products  resulting  from  the  chemical  reactions.  Pressure  is  usually  in  the  range  of  10'"* 
Torr.  Compared  to  ion  milling,  RIBE  has  faster  etch  rates,  better  selectivity  and  fewer 
redeposition  problems.  However,  compared  with  RIE  and  plasma  etching,  its 
throughput  is  lower.  A typical  RIBE  system  is  shown  in  Figure  2-6.^^^^ 

Table  2- 1 lists  the  different  characteristics  for  the  different  dry  techniques. 

Two  particularly  useful  high  ion  density  reactors  are  described  below, 
a)  Electron  Cyclotron  Resonance  (ECR). 

A t}i'pical  ECR  reactor  is  shown  schematically  in  Figure  2-7.^^"*^  For  a microwave 
frequency  of  2.45  GHz  (a  frequency  in  common  use  for  many  applications),  electron 
cyclotron  resonance  occurs  at  a magnetic  field  of  875  Gauss.  The  very  energetic 
electrons  efficiently  ionize  the  gas  species  creating  a plasma  which  contains  ions  and 
neutrals.  Ion  energy  is  controlled  by  separately  biasing  the  sample  position. 

The  ECR  reactor  has  some  advantages  over  the  other  plasma  processing  tools.  First, 
it  produces  highly  amsotropic  etching  for  the  lower  neutral  gas  pressures,  typically  0.2- 
10  mTorr,  compared  to  10-100  mTorr  for  RIE  tools.  Low  operating  pressure  reduces 
ion  collisionality  in  the  substrate  sheaths  which  is  necessary  for  anisotropic  etching  of 
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Figure  2-6  Typical  reactive  ion  beam  etching  (RIBE)  system  using 
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Table  2-1  Characteristics  of  the  different  dry  etching  techniques. 
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Electron  Cyclotron  Resonance  (ECR)  reactor 


Figure  2-7  Schematic  of  ECR  plasma  etching  system. 
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the  smaller  and  increasingly  high  aspect  ratio  features  in  modem  integrated  circuits. 

Second,  the  etch  rates  are  faster  than  with  the  RIE  tools.  The  higher  ion  density  (up  to 

12-3 

10  cm  , 10-100  times  higher  than  the  RIE  tools)  in  the  ECR  reactor  system  implies 
higher  ion-flux-driven  processing  rates  which  is  important  due  to  the  high  ownership 
costs  of  semiconductor  processing  tools.  Third,  we  expect  that  there  would  be  less 
substrate  damage,  due  to  the  lower  ion  energies.  Fourth,  this  tool  can  increase  the 
etching  selectivity  between  two  substrate  materials  because  of  the  low  plasma  potential, 
typically  15-30  eV  without  substrate  biasing.  Low  plasma  potential  reduces  the 
physical  aspect  of  etching  relative  to  the  chemical  and  the  physical  damage  to  the 
substrate  from  high  energy  ion  bombardment.  Fifth,  it  can  provide  independent  control 
of  the  ion  energy  and  ion  flux.  Ion  flux  is  controlled  by  varying  the  microwave  power 
and  neutral  gas  pressure,  meanwhile,  ion  energy  is  controlled  by  changing  the  rf  or  DC 
biasing  of  the  substrate  holder. 

There  are  disadvantages  as  well  as  advantages.  First,  it  is  more  expensive.  Second, 
additional  heat  transfer  mechanisms  should  be  supplied  such  as  He-backside  cooling, 
since  energetic  ion  bombardment  of  the  wafer  raises  its  temperature  while  the  substrate 
is  biased  and  the  low  pressure  gas  is  a poor  heat  conductor.  Third,  the  uniformity  is  not 

good  due  to  the  presence  of  the  magnetic  field  which  limits  cross  field  diffusion  of  the 
plasma.^^^^ 

b)  Inductively  Coupled  Plasma  (ICP). 

A schematic  of  a typical  ICP  reactor  is  shown  in  Figure  2-8.  Inside  the  shield  is  an 
rf  coil.  The  important  features  of  the  coil  are  that  it  carries  rf  current  and  generates  an  rf 
field  that  is  rotationally  symmetric.  The  plasma  is  contained  in  the  electrostatic  shield 
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Figure  2-8  Schematic  of  Inductively  Coupled  Plasma  (ICP)  reactor. 
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or  dielectric  vacuum  wall.  The  rf  energy  is  confined  to  interact  with  the  surface  of  the 
plasma  in  the  same  way  that  the  rf  currents  act  on  any  conductor.  This  is  usually 
referred  to  as  the  skin  effect  which  is  the  depth  into  the  conductor  materials  that  the  rf 
field  current  will  penetrate  or  flow.  Plasma  is  presented  only  where  there  is  an  rf 
electrical  field  caused  by  the  time  rate  of  change  of  the  magnetic  field. 

The  ICP  system  has  advantages  such  as  highly  anisotropic  etching  due  to  the  low 
pressure,  high  etch  rates  due  to  the  high  ion  density,  good  selectivity,  and  independent 
control  of  the  ion  flux  and  ion  energy  (ion  flux  is  controlled  by  the  ICP  source  power 
and  the  gas  pressure  while  ion  energy  is  controlled  by  the  rf  or  DC  biasing  of  the 
substrate  holder).  Compared  with  the  ECR  reactor,  the  ICP  system  has  more 
advantages  when  they  are  operated  at  the  same  low  pressure  (1  mTorr).  First,  the  ICP 
reactor  doesn't  have  the  magnetic  field.  Second,  larger  size  wafers  can  be  processed  in 
the  ICP  system.  However,  the  additional  heat  transfer  supplies  such  as  He-backside 
cooling  should  be  used  as  in  the  ECR  reactor  in  order  to  reduce  the  temperature  of  the 
wafer  due  to  the  energetic  ion  bombardment  while  the  substrate  is  biased. 


CHAPTER  3 

ETCHING  LaCaMnOs  AND  SmCo 
3.1.  Materials  and  Methods 

Thin  films  of  LaxCai.xMnOs  with  x = 0.41  were  prepared  on  MgO  (001)  and 
Al203(0001)  single  crystal  substrates  by  liquid  delivery  metal-organic  chemical  vapor 
deposition  (LD-MOCVD)  as  follows.  An  NZ-Applied  Technologies  liquid  delivery 
vaporization  system  was  used  to  deliver  the  2,2,6,6-tetramethyl-3,5-heptanedionato 
(TMHD)  organometallic  precursors;  La(TMHD)3,  Sr(TMHD)2,  Mn(TMHD)3  and 
Ca(TMHD)2  which  were  dissolved  in  25  ml  of  freshly  distilled  solvent  (diglyme)  and 
vaporized  (T  = 250°C)  at  a rate  of  1.66  pL/min.  The  gaseous  mixture  was  then 
introduced  into  an  EMCORE  reactor.  Nitrogen  (100  seem)  served  as  a carrier  gas  and 
Oxygen  (600  seem)  and  N2O  (500  seem),  introduced  directly  into  the  reaction  chamber, 
served  as  oxidants.  During  the  deposition  the  substrates  were  held  at  a temperature  of 
700  °C  and  the  reactor  pressure  was  maintained  at  5 Torr.  After  deposition,  the  films 
were  slowly  cooled  under  reaction  conditions  until  the  susceptor  temperature  was  below 
100  °C  when  the  substrates  were  removed  from  the  susceptor.  No  post-annealing  was 
performed  on  the  films.  The  deposition  rate  was  ~ 15  A/min. 

The  SmCo-based  films  were  directly  crystallized  by  RF  diode  sputtering  (100  mTorr 

Ar)  onto  moderately  heated  (375-425°C)  polycrystalline  aluminum  oxide  substrates.  The 
samples  had  a nominal  composition  of  Sm  13%,  Co  58%,  Fe  20%,  Cu  7%,  Zr  2%  and 
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were  directly  crystallized  upon  deposition  into  the  disordered  TbCu7  type  crystal 

structure.  The  remanent  ratio  out  of  plane  to  in-plane  was  0.030-0.038,  with  intrinsic 

coercivity  6.51-6.71  kOe.  Both  samples  had  the  crystallite  c-axes  randomly  aligned  onto 
the  substrate  plane. 

Samples  of  LaCaMnOs  and  SmCo  were  masked  with  either  photoresist,  SiNx  or 
apiezon  wax  for  etching  experiments.  The  dry  etching  was  performed  either  in  a Plasma- 
Therm  SLR  770  reactor  with  an  ASTEX  4400  low-profile  electron  cyclotron  resonance 
(ECR)  source^  ^ or  a Plasma-Therm  790  reactor  (ICP)  in  which  the  plasma  is  generated 
by  a 3-tum  inductive  coil  operated  with  up  to  lOOOW  of  2MHz  power.  For  the  ECR 
system,  the  ECR  cavity  was  formed  with  an  upper  magnet  (170  A)  and  collimated  with  a 
lower  magnet  (40  A).  The  process  pressure  was  held  constant  at  1 .SmTorr.  The  rf  power 
(13.56  MHz)  varied  between  50  and  350  W and  the  microwave  power  was  held  constant 
at  1000  W.  The  plasma  chemistries  used  were  15  standard  cubic  centimeter  per  minute 
(seem)  Ar,  10  seem  Sp6/5  seem  Ar,  2.5  seem  CH4/7.5  seem  H2/5  seem  Ar  or  10  seem 
CI2/5  seem  Ar.  For  the  inductively  coupled  plasma  (ICP)  system,  the  sample  position  was 
separately  powered  with  0-450W  of  13.56MHz  power  and  the  chuck  is  He  backside- 
cooled  to  hold  the  sample  temperature  to  < 40°C.  Process  pressure  was  held  constant  at 
5mTorr  for  all  experiments.  The  BI3  (melting  point  40°C  ) and  BBrs  (boiling  point  91°C  ) 

were  held  at  ~ 45  °C  within  a stainless  steel  vacuum  vessel-  total  gas  loads  of  10  seem 
were  injected  into  the  ICP  source  through  electronic  mass  flow  controllers.  The  etch  rates 
were  determined  by  stylus  profilometry  measurements  using  a Dektak  or  Tencor  system 
after  the  removal  of  the  mask  with  acetone.  Surface  morphologies  were  examined  with 
scanning  electron  microscopy  (SEM)  and  atomic  force  microscope  (AFM)  using  a Si  tip 
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m tapping  mode,  while  the  near  surface  stoichiometry  was  obtained  from  auger  electron 
spectroscopy  (AES)  experiments. 

Table  3-1  lists  boiling  pomts  of  some  potential  etch  products  in  the  plasma 

chemistries  investigated  here.f^^^  To  achieve  smooth  etched  surfaces,  it  is  obviously 

necessary  to  remove  the  etch  products  at  equal  rates  for  all  of  the  elemental  constituents. 

For  BI3  and  BBrs  discharges,  the  products  for  oxygen  are  considerably  more  volatile  than 

for  the  other  elements,  which  makes  it  difficult  to  achieve  smooth  etched  surfaces. 

However  the  Cu  and  Mn  products  with  both  BI3  and  BBr3  are  somewhat  more  volatile 
than  with  the  CI2  and  F2  chemistries. 


3.2.  Results  and  Discussion 

Figure  3-1  shows  the  dependence  of  LaCaMn03  etch  rate  on  dc  self-  bias  on  the 

sample  chuck  for  the  four  different  plasma  chemistries.  Note  that  the  results  for  C^Ar 

basically  follow  those  for  pure  sputtering  (Ar),  indicating  that  the  La,Ca  and  Mn 

chlorines  are  not  particularly  volatile  even  at  the  high  ion  fluxes  (~10'^  ions-cm’^  -sec'') 

available  m the  ECR  tool.  In  other  words,  the  etching  is  limited  by  the  sputter  yield  at 

each  ion  energy;  to  increase  the  volatility  of  the  chloride  etch  products  it  would  be 

necessary  to  increase  the  substrate  temperature.  This  is  generally  not  an  attractive  option 

from  a practical  viewpoint  because  of  the  limitation  it  places  on  mask  materials  and  the 

requirement  for  reproducible  thermal  contact  for  each  sample.f^®’'*®^  The  results  for  the 

SFe/Ar  and  CH4/H2/Ar  plasma  chemistries  show  that  the  etch  products  for  these  are  even 

less  volatile  and  the  etching  is  most  likely  retarded  by  formation  of  a selvedge  or  reaction 
layer  with  these  chemistries. 
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Table  3-1:  Boiling  Points  of  Potential  Etch  Products  of  LaCaMnOj  and  SmCo 
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Figure  3-1  Etch  rate  of  LaCaMnOs  in  various  plasma  chemistries  as  a 

function  of  chuck  self-bias.  The  ECR  source  power  was 
held  constant  at  1 000 W. 
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There  was  a substantial  degree  of  chemical  enhancement  observed  for  the  etching 
of  SmCo  in  C^/Ar  chemistries,  as  shown  in  Figure  3-2.  The  etch  rate  is  approximately  a 
factor  of  10  to  12  higher  than  for  pure  Ar  up  to  dc  self-biases  of  — 217V;  at  higher 
biases  the  etch  rate  with  Cb/Ar  saturates  and  then  decreases.  The  self-bias  corresponds 
fairly  closely  to  the  acceleration  voltage  experienced  by  ions  impinging  on  the  sample. 

As  this  voltage  increases  so  does  the  average  ion  energy.  Up  to  a particular  energy,  the 
etch  rate  is  increased  by  the  higher  sputtering  efficiency  that  more  effectively  desorbs  the 
etch  products.  However  above  this  energy  (in  these  experiments  ~ 250eV)  the  ions  are 
able  to  desorb  the  chlorine  radicals  before  they  are  able  to  react  with  the  SmCo  and  hence 
the  etch  rate  decreases.  The  SFe/Ar  plasma  chemistry  provides  etch  rates  faster  than  pure 
sputtering  at  biases  up  to  ~ -200V,  but  show  a dependence  on  bias  that  is  less  than  that 
for  Ar  at  higher  values. 

Since  the  etching  for  both  LaCaMnOa  and  SmCo  is  a strong  fimction  of  ion 
energy,  we  would  expect  a fairly  anisotropic  pattern  transfer.  Figure  3-3  shows  SEM 
micrographs  of  features  etched  into  both  materials  using  a Cb/Ar  plasma  at  -200V  dc 
self-bias  and  an  Si02  mask  which  was  subsequently  removed.  The  etched  surfaces  under 
these  conditions  are  essentially  as  smooth  as  the  unetched  regions  and  the  sidewalls  are 
reasonably  vertical.  The  striations  on  the  sidewall  are  typically  observed  on  dry  etched 
features  and  originate  from  roughness  on  the  edges  of  the  original  photoresist  mask  that 
was  used  to  transfer  the  pattern  into  the 

Representative  AFM  scans  from  LaCaMnOs  sample  before  and  after  etching  are 
shown  in  Figure  3-4.  Note  that  CH4/H2/Ar  etching  at  relatively  low  biases  does  not 
produce  much  surface  roughening  (increase  from  10.72  nm  root-mean-square(RMS) 


Etch  Rate  (A/min) 
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Figure  3-2  Etch  rate  of  SmCo-based  films  in  various  plasma  chemistries 

as  a function  of  chuck  self-bias.  The  ECR  source  power  was 
held  constant  at  1 000 
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LaCaMnO  3/AI2O3  Cl./Ar  ECR  etch 


SmCo  CR/Ar  ECR  etch 

Figure  3-3  SEM  micrographs  of  features  etched  into  LaCaMnOs  (top)  and 

SmCo-based  films  (bottom)  using  a CVAr  plasma.  The  SiOa 
masks  have  been  removed. 
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Figure  3-4  AFM  scans  of  LaCaMnOs  before  (top)  and  after  etching  in 

CH4/H2/Ar  (center)  or  C^/Ar  (bottom). 
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roughness  on  the  control  sample  to  1 1 .97  nm  on  the  etched  material).  This  is  consistent 
with  the  SEM  micrographs  of  the  previous  Figure.  However  it  was  typically  observed 
that  for  higher  dc  self-biases,  the  surface  morphology  degraded.  For  example,  the  AFM 
scan  at  the  bottom  of  Figure  3-4  shows  that  for  a self-bias  of  -293V  in  a Cla/Ar  discharge, 
the  RMS  roughness  increased  to  17.5  nm.  This  is  a fairly  typical  trend  in  dry  etching  of 
complex  materials  containing  elements  with  significant  differences  in  mass  number.^'^'*''*^^ 
Under  conditions  where  the  etching  is  desorption-  or  sputter-limited,  the  lighter  elements 
will  tend  to  be  preferentially  sputtered,  leaving  the  near-surface  non-stoichiometric  and 
rougher  than  that  of  a control  sample.^'*^’'^*^ 

To  better  understand  the  role  of  plasma  chemistry  and  ion  energy  in  the  surface 
roughening,  AES  surface  scans  and  near-surface  depth  profiles  were  measured  on  the 
samples  from  Figure  3-4.  The  results  from  the  control  material  are  shown  in  Figure  3-5. 
The  sputter  rate  during  depth  profiling  was  ~ 60A-min‘  . The  surface  scan  shows  the 
lattice  constituents,  adventitious  carbon  and  some  Si  contamination  (which  we  observe  on 
all  samples  we  examine  by  AES,  whether  they  be  oxides,  semiconductors  or  magnetic 
materials).  Dry  etching  with  the  CH4/H2/Ar  chemistry  at  moderate  dc  self-bias  (-217  V) 
produced  little  change  in  the  AES  surface  scan  (Figure  3-6).  By  sharp  contrast  in  the 
sample  etched  in  CVAr  at  higher  bias  (-293V),  the  near-surface  is  deficient  in  the  lighter 
elements  O,  Ca  and  Mn  (atomic  weights  of  16,40  and  55,  respectively  compared  to  139 
for  La),  as  shown  in  Figure  3-7.  The  surface  roughness  also  leads  to  non-abrupt  depth 
profiles,  which  explains  the  prolonged  Cl  signal.  The  Cl  originates  from  the  presence  of 
remnant  etch  products  that  were  not  completely  desorbed  because  of  their  low  volatility. 
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Figure  3-5  AES  surface  scan  (top)  and  depth  profile  (bottom)  from  an 

unetched  LaCaMnOa  control  sample. 
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Figure  3-6  AES  surface  scan  from  LaCaMnOs  after  etching  in  a 

CH4/H2/Ar  ECR  plasma. 
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Figure  3-7  AES  surface  scan  (top)  and  depth  profile  (bottom)  from 

LaCaMnOs  after  etching  in  a CVAr  ECR  plasma. 
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An  additional  important  consideration  is  selection  of  a mask  material  for  the 
etching  process.  Photoresist  is  typically  not  suitable  for  high  density  plasma  processes 
because  the  high  ion  currents  lead  to  reticulation  and  loss  of  dimensional  stability.*^"*^^ 
Figure  3-8  shows  Cl2/Ar  etch  selectivity  for  both  SmCo  and  LaCaMnOs  over  the 
dielectrics  Si02  and  SiNx.  The  dielectrics  were  deposited  by  plasma-enhanced  chemical 
vapor  deposition  at  250  °C  using  SiH4/02  and  SiHU/NHs,  respectively.  Since  there  is 
basically  no  chemical  enhancement  for  etching  LaCaMnOs,  there  is  also  no  selectivity 
over  the  dielectrics.  This  is  a severe  limitation  if  one  needed  to  pattern  deep  features  into 
LaCaMnOs  because  the  mask  thickness  would  need  to  be  at  least  as  thick  as  the  required 
etch  depth.  For  SmCo  however,  the  etch  selectivity  is  ~ 4 at  low  rf  chuck  powers  and 
increases  initially  as  this  power  is  increased  because  the  etch  rate  of  the  magnetic 
material  rises  faster  than  that  of  the  dielectrics.  At  higher  powers  the  selectivity  decreases 
because  of  the  fall-off  in  etch  rate  of  the  SmCo  (Figure  3-2),  and  the  fact  that  the 
dielectric  etch  rate  continues  to  increase  as  ion  energy  is  increased.  Therefore,  the  modest 
chuck  self-bias  region  is  advantageous  from  the  viewpoint  of  higher  etch  rates  and 
selectivity  with  respect  to  the  mask  materials. 

To  investigate  the  potential  impact  of  dry  etching  on  SmCo  films,  magnetic 
hysteresis  loops  were  obtained  with  the  field  applied  both  parallel  and  perpendicular  to 
the  film  plane,  before  and  after  etching  under  various  plasma  conditions.  The  films 
investigated,  with  thickness  of  about  10  pm,  displayed  a range  of  coercive  fields  He 
(parallel)  » 3. 3-9. 8 kOe  and  He  (perpendicular)  « 4.0-7.3  kOe,  and  were  exposed  for  1 
minute  to  pure  Argon  plasmas  with  source  powers  up  to  1500W  and  rf  chuck  powers  up 
to  450W.  Within  our  experimental  error  (±5%),  no  changes  in  magnetic  properties  were 
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Figure  3-8  Selectivity  for  etching  SmCo-based  films  or  LaCaMnOa 

over  either  Si02  or  SiNx  mask  material,  as  a function  of 
chuck  self-bias. 
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detected  after  etching,  indicating  that  there  was  no  gross  damage  produced  by  the  etch 
process. 

We  used  two  novel  plasma  chemistries,  BI3  and  BBra,  for  dry  etching  of 
LaCaMnOs  because  there  is  no  chemical  enhancement  in  etch  rate  over  simple  sputtering 
for  CI2,  SFg  or  CH4/H2  plasma.  We  observed  a small  degree  of  chemical  enhancement 
with  both  chemistries  at  low  halide  composition  (20-40%  by  flow)  in  the  discharge.  The 
etching  is  still  strongly  dependent  on  ion  energy  and  flux,  and  is  highly  anisotropic.  Etch 
yields  are  typically  low  (<0.3)  under  inductively  coupled  plasma  conditions. 

Figure  3-9  shows  the  dependence  of  LaCaMnOs  etch  rate  (top)  on  BI3  or  BBr3 
percentage  in  750W  source  power,  350W  rf  chuck  power  halide/ Ar  discharges.  For  both 
chemistries  the  etch  rate  initially  increases  as  halide  is  added,  indicating  the  presence  of 
some  chemical  enhancement  in  the  etch  mechanism,  but  beyond  ~20%  by  flow  the  rate 
decreases  forward  the  value  obtained  by  pure  Ar  sputtering.  The  same  trends  are  reflected 
in  the  etch  yields  (Figure  3-9,  bottom)  calculated  from  a simple  model  for  ion  current  in 
this  ICP  tool.^^°^  Note  that  these  yields  are  low,  with  up  to  50  ions  required  to  remove  one 
atom  of  each  of  the  lattice  constituents.  The  fact  that  both  etch  rate  and  yield  decrease  at 
higher  halide  contents  in  the  discharge  is  consistent  with  adsorbed  iodine  or  bromine 
neutrals  blocking  the  surface  to  ion-assisted  desorption  of  the  etch  products,  the  same 
mechanism  that  limits  NiFe  etching  in  C^/Ar  discharges.*^^  ^ The  important  parameter  is 
thus  the  ion-to-neutral  ratio  at  the  sample  surface.  If  this  is  too  high  then  there  will  be 
predominantly  physical  sputtering,  and  if  it  is  too  low  a selvedge  layer  will  form  that 
retards  etching. 
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Figure  3-9  Etch  rate  (top)  and  etch  yield  (bottom)  for  LaCaMnOs  in 

750W  ICP  source  power  discharges  of  either  BIs/Ar  or 
BBra/Ar,  as  a function  of  halide  gas  percentage.  The  rf 
chuck  power  was  150W  for  the  Bla/Ar  and  350W  for  the 
BBrs/Ar. 
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Since  the  etch  products  have  generally  low  volatility,  then  one  would  expect  the 
etch  rate  to  be  strongly  dependent  on  ion  energy.  Figure  3-10  shows  etch  rate  and  yield  as 
a function  of  the  rf  power  and  the  associated  induced  dc  chuck  bias  for  a particular 
discharge  composition.  Note  the  rates  increase  montonically  with  rf  power,  consistent 
with  a desorption-limited  process,  and  also  that  BI3  provides  higher  rates  than  BBrs. 

As  mentioned  above,  ion  flux  is  an  important  factor  in  the  etch  process.  Figure  3-11 
shows  rate  and  yield  data  as  a function  of  ICP  source  power  for  particular  discharge 
compositions.  While  the  etch  rate  continues  to  increase  with  this  power  due  to  the 
increasing  ion  flux  and  degree  of  plasma  dissociation,  the  etch  yield  actually  decreases 
under  these  conditions.  This  is  consistent  with  the  postulation  that  ion/neutral  ratio  is  the 
key  parameter  controlling  the  efficiency  of  the  etching. 

The  etched  surface  morphologies  generally  tended  to  improve  slightly  with  increasing 
ion  flux.  Figure  3-12  shows  AFM  scans  of  samples  etched  in  BIs/Ar  discharges  at 
different  source  powers,  while  Figure  3-13  shows  similar  data  for  BBra/Ar.  The  root- 
mean-square  (RMS)  roughnesses  obtained  over  10x10  pm  areas  are  plotted  in  Figure  3- 
14.  It  is  often  observed  that  ion-driven  etch  processes  will  lead  to  some  degree  of  surface 
smoothing  on  initially  rough  samples  because  of  the  angular  dependence  of  ion  mill  rate 
removing  sharper  features  more  rapidly  than  flat  regions.  A competing  mechanism  is  that 
ion  energy  decreases  with  increasing  ICP  source  power,  and  this  could  produce  less 
preferential  sputtering  of  the  lighter  lattice  elements.  Our  past  data  on  dependence  of 
surface  morphology  on  ion  energy  suggests  that  both  effects  play  a role  in  determining 


surface  smoothness. 
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Figure  3-10  Etch  rate  (top)  and  etch  yield  (bottom)  for  LaCaMnOs  in  750W 

ICP  source  power  discharges  of  either  4Bl3/6Ar  or  4BBr3/6Ar, 
as  a function  of  rf  chuck  power  (and  hence  dc  bias). 
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Figure  3-1 1 Etch  rate  (top)  and  etch  yield  (bottom)  for  LaCaMnOa  in 

4Bl3/6Ar  or  4BBr3/6Ar  discharges  as  a function  of  ICP 
source  power  (and  hence  ion  flux).  The  rf  chuck  power 
was  150W  for  the  Bla/Ar  and  350W  for  the  BBra/Ar. 
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Figure  3-12  AFM  scans  of  LaCaMnOs  after  etching  in  4Bl3/6Ar,  150W  rf 

chuck  power  discharges,  as  a function  of  ICP  source  power. 
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Figure  3-13  AFM  scans  of  LaCaMnOs  after  etching  in  4BBr3/6Ar,  350W  rf 

chuck  power  discharges,  as  a function  of  ICP  source  power. 
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Figure  3-14  AFM  RMS  roughness  for  LaCaMnOs  after  etching  in  4Bl3/6Ar 

or  4BBr3/6Ar  discharges  as  a function  of  ICP  source  power. 
The  rf  chuck  power  was  150W  for  the  B^Ar  and  3 SOW 
for  the  BBr3/Ar. 
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Since  the  chemical  component  of  the  etching  is  relatively  small,  we  would  expect 
anisotropic  pattern  transfer.  Figure  3-15  shows  SEM  micrographs  of  features  etched  into 
LaCaMnOs  using  either  BIs/Ar  (top)  or  BBrs/Ar  (bottom)  discharges  and  SiOa  masks  that 
were  subsequently  removed.  The  etched  surface  morphologies  are  again  similar  to  those 
of  the  unetched  regions,  with  slightly  sloped  sidewalls  due  to  mask  erosion.  We  have 
found  that  photoresist  is  typically  not  suitable  as  a mask  material  for  high  density  plasma 
processes  because  the  high  ion  currents  lead  to  reticulation  and  loss  of  dimensional 
stability.^^^^  Figure  3-16  shows  the  BIs/Ar  and  BBrs/Ar  etch  selectivity  for  LaCaMnOs 
over  both  SiNx  and  Si02  as  a function  of  either  source  power  (top)  or  rf  chuck  power 
(bottom).  Note  that  the  selectivities  are  generally  less  than  one  over  a wide  range  of 
conditions,  indicating  that  the  etching  is  still  dominated  by  the  physical  component. 
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Figure  3-15  SEM  micrographs  of  features  etched  into  LaCaMnOs  using 

either  4Bl3/6Ar  (top)  or  4BBr3/6Ar  (bottom)  discharges  with 
750 W of  source  power.  The  rf  chuck  power  was  1 50 W for 
the  BE/Ar  and  350W  for  the  BBr3/Ar.  The  Si02  masks  have 
been  removed  from  both  samples. 
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Figure  3-16  Etch  selectivity  for  LaCaMnOa  over  SiOa  and  SiNx  as  a function 

of  either  ICP  source  power  (top)  or  rf  chuck  power  (bottom). 


CHAPTER  4 

ETCHING  SiC  AND  SiCN 
4.1.  Materials  and  Methods 

The  6H-SiC  substrates  were  1 inch  (j),  doped  with  either  A1  (p  = 6x10*^  cm'^)  or  N 
(n  ~5  xlO  ^ cm’^),  and  both  with  Si  face  (0001)  orientation,  obtained  from  Cree  Research. 
The  X-ray  diffraction  full-width-at-half  maximum  is  < 100  arc-sec.  The  SiCo.sNo.s  layers 
were  grown  on  Si  substrates  using  chemical  vapor  deposition  with  a tris-dimethylamino 
silane  precursor,  and  were  ~5,000  A thick  and  nominally  undoped.  The  X-ray  diffraction 
full-width-at-maximum  is  typically  > 400  arc-sec.  Some  of  the  samples  were  patterned  with 
AZ5209E  photoresist  or  ~3,000  A thick  indium  tin  oxide  (ITO)  masks.  Flemish  et  al.^^^’^'*’^^^ 
have  previously  shown  that  ITO  provides  much  better  etch  resistance  during  high  density 
plasma  processing  of  SiC  with  F2-based  mixtures  than  photoresist.  All  of  the  experiments 
were  performed  in  a Plasma  Therm  790  system.  The  samples  are  located  on  a He  backside 
cooled  chuck  biased  with  13.56MHz  of  power.  The  plasma  is  generated  in  a 2MHz,  1500W, 
4-tum  plasma  coil  geometry  source  and  the  pressure  was  held  constant  at  2mTorr. 
Electronic  grade  NF3,  O2  and  Ar  gases  were  fed  into  the  ICP  source  through  mass  flow 
controllers  at  total  flow  rates  of  15  standard  cubic  centimeters  per  minute  (seem). 
Experimental  process  parameters  were  plasma  composition,  rf  chuck  power  and  ICP  source 
power.  Etch  rates  were  obtained  from  stylus  profilometry  measurements  of  the  samples  after 
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mask  removal.  Scanning  electron  microscopy  (SEM)  was  used  to  examine  etch  anisotropy 
and  surface  morphology,  while  tapping  mode  atomic  force  microscopy  (AFM)  was 
employed  to  quantify  the  surface  roughness.  Optical  emission  spectroscopy  (OES)  was  used 
to  monitor  plasma  species. 

4.2.  Results  and  Discussion 

A common  feature  of  fluorine-based  plasmas  under  capacitively  coupled  conditions 
is  that  addition  of  O2  at  ratios  by  flow  of  10-35%  can  increase  the  atomic  fluorine  neutral 
concentration.^^^^  We  examined  the  optical  emission  spectra  of  both  NF3/O2  and  NFs/Ar 
discharges,  as  shown  in  Figure  4-1.  Surprisingly  there  was  little  significant  difference  in 
atomic  fluorine  concentration  (confirmed  by  actinometric  analysis  using  the  7451  nm  Ar 
line),  which  suggests  the  ICP  source  is  already  very  efficient  in  dissociating  the  NF3.  The 
spectra  in  Figure  4-1  also  show  little  evidence  of  molecular  continua,  confirming  the  high 
dissociation  efficiency. 

These  results  are  reflected  in  the  etch  rate  data  of  Figure  4-2,  which  show  SiC  and 
SiCN  removal  rates  as  a function  of  NF3  percentage  in  NF3/O2  and  NF3/Ar  for  fixed  source 
power  (750W),  pressure  and  rf  chuck  power  (250W).  There  are  several  interesting  aspects 
of  the  data.  First,  the  rates  are  slightly  higher  with  NF3/Ar,  which  suggests  that  ion 
bombardment  plays  a role  in  the  etch  mechanism.  Since  the  etch  products  (SiFx  and  CFx, 
where  x<  4)  are  quite  volatile,  it  is  likely  that  more  efficient  bond-breaking  in  the  SiC  rather 
than  ion-enhanced  desorption  of  these  products,  is  the  reason  for  this  trend.  Second,  there  is 
no  measurable  difference  in  etch  rates  between  n^  and  p^  SiC,  indicating  that  Fermi  level 
effects  play  no  role  in  the  etch  mechanism.  Third,  the  etch  rates  increase  montonically  with 
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Figure  4-1  Optical  emission  spectra  of  ICP  discharges  ( 75 OW  source 

power,  2mTorr,  250W  rf  power ) of  either  lONFs/SAr  (top) 
or  IONF3/5O2  (bottom). 
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Figure  4-2  Etch  rates  of  SiC,  SiC  and  SiCN  in  750W  source  power, 

2mTorr,250W  rf  chuck  power  discharges  as  a function  of 
NF3  percentage  in  either  NF3/O2  ( top  ) or  NF3/Ar  (bottom). 


DC-bias  (-V)  DC-bias  (-V) 


49 


NFa  percentage  in  both  chemistries,  which  indicates  that  the  limiting  step  is  supply  of 
atomic  fluorine  to  the  surface  under  these  conditions.  Fourth,  the  rates  for  SiCN  are 
significantly  higher  than  for  SiC  in  both  plasma  chemistries,  probably  due  to  the  high  vapor 
pressure  of  the  NFx  etch  products  and  to  the  probable  lower  crystalline  quality  of  the  thin 
film  SiCN  relative  to  the  bulk  SiC,  which  is  grown  at  much  higher  temperatures.  Fifth,  there 
is  a finite  etch  rate  for  both  materials  in  NFs/Ar  even  at  the  lowest  NF3  percentage,  whereas 
there  is  a threshold  concentration  for  the  commencement  of  etching  in  NF3/O2  discharges. 
Sixth,  the  behavior  of  dc  self-bias  with  plasma  composition  is  quite  different  in  the  two 
plasma  chemistries.  While  it  stays  relatively  constant  in  NF3/O2  suggesting  that  ion  density 
also  remains  approximately  constant,  there  is  a monotonic  increase  with  NF3  percentage  in 
NF3/Ar.  In  the  latter  case  this  indicates  that  the  conductivity  of  the  plasma  is  decreasing  as 
NF3  increases,  leading  to  a higher  self-bias.  The  associated  higher  ion  energy  is  also  a 
contributing  factor  to  the  higher  etch  rates  with  NF3/Ar  relative  to  NF3/O2. 

Figure  4-3  shows  etch  rates  as  a fimction  of  rf  chuck  power  (top)  and  etch  yield  as  a 
fiinction  of  dc  self-bias  (bottom).  The  etch  yield  is  the  number  of  molecules  of  the  substrate 
removed  per  incident  ion.  For  SiC  there  is  a monotonic  increase  in  etch  rate  with  bias,  which 
again  emphasizes  the  strong  role  of  ion  energy  in  the  etch  mechanism.  The  average  ion 
energy  is  the  sum  of  the  dc  self-bias  voltage  and  plasma  potential  (roughly  ~ 20V  in  this 
tool).  For  SiCN  the  etch  rate  saturates  as  this  bias  is  increased  and  this  may  be  related  to 
sputter-induced  removal  of  the  atomic  fluorine  before  it  can  react  with  the  surface.  Note  that 
the  etch  yields  are  relatively  low,  but  the  resulting  etch  rate  is  high  because  of  the  high  ion 
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Figure  4-3  Etch  rates  of  SiC  and  SiCN  as  a function  of  rf  chuck  power 

in  IONF3/5O2, 2mTorr,  750W  source  power  discharges  (top) 
and  etch  yield  of  the  same  materials  as  a function  of  dc  chuck 
self-bias  (bottom). 
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Figure  4-4  shows  the  dependence  of  etch  rates  on  ICP  source  power  (top)  and  the 
etch  yield  versus  ion  flux  (bottom).  As  the  source  power  is  increased  at  constant  rf  chuck 
power,  the  dc  self-bias  is  strongly  suppressed  and  the  competing  factors  of  increasing  ion 
flux  and  decreasing  ion  energy  produce  the  resulting  maximum  in  etch  rate  at  ~ lOOOW 
source  power.  Note  that  the  etch  rate  for  SiC  can  still  be  above  1,000  A/min  even  at  very 
low  bias  values  provided  the  ion  flux  is  high.^^’^ 

Some  typical  SEM  micrographs  of  features  etched  into  p"^  SiC  under  different 
conditions  are  shown  in  Figure  4-5.  At  top  (left  and  right)  are  features  from  samples  etched 
with  5NF3/10At,  2mTorr,  500W  source  power,  300W  rf  chuck  power  discharges,  using  an 
ITO  mask  which  was  subsequently  removed.  The  features  are  quite  anisotropic  and  the 
etched  surface  is  smooth.  There  is  some  slight  degree  of  trenching  at  the  base  of  the 
sidewalls,  which  was  also  reported  by  Flemish  et  al.^”’^^’^^^  for  ECR  CF4-based  etching  of 
SiC  and  is  usually  ascribed  to  glancing  angle  collisions  of  ions  with  the  sidewall  that 
produce  enhanced  etching  at  the  foot  of  the  sidewall.  The  two  micrographs  at  bottom  show 
problems  that  can  arise  if  the  plasma  conditions  are  chosen  to  overly  emphasize  either  the 
physical  or  chemical  components  of  the  etching.  The  feahire  at  bottom  left  was  formed  by 
etching  in  a I5NF3,  2mTorr,750W  ICP  source  power,  450W  rf  chuck  power  plasma.  The 
combination  of  high  ion  flux  and  high  ion  energy  produce  substantial  facetting  of  the  ITO 
mask,  which  is  still  in  place.  This  leads  to  sloped  sidewalls  and  trenching  at  the  foot  of  the 
picture.  By  contrast,  if  ion  energy  is  reduced  under  these  conditions  by  lowering  of  chuck 
power  to  250 W,  the  chemical  component  of  the  etching  is  enhanced  and  leads  to  significant 
sidewall  undercut  (Figure  4-5,  bottom  right)  It  is  clearly  necessary  to  balance  the  physical 
and  chemical  contributions  in  order  to  optimize  the  anisotropy  of  the  etched  features. 
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Figure  4-4  Etch  rates  of  SiC  and  SiCN  as  a function  of  source  power  in 

IONF3/5O2, 2mTorr,  250W  chuck  power  discharges  (top)  and 
etch  yield  of  the  same  materials  as  a function  of  ion  flux  (bottom). 
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Figure  4-5  SEM  micrographs  of  features  etched  into  SiC  using 

5NF3/10Ar,  2mTorr,  500W  source  power,  300W  rf  chuck  power 
discharges  ( top  left  and  right ) orl5NF3,  2mTorr,  750W  source 
power  discharges  with  either  450W  chuck  power  (bottom  left) 
or  250W  chuck  power  (bottom  right). 
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The  surface  roughness  of  both  SiCN  and  SiC  was  examined  after  etching  by  AFM. 
Figure  4-6  shows  some  representative  scans  for  SiCN  films  etched  in  NF3/O2  discharges,  as 
a function  of  gas  composition  for  fixed  source  power,  pressure  and  chuck  power.  The 
morphologies  are  clearly  worse  at  higher  NF3  percentages.  By  sharp  contrast,  the  surfaces  of 
both  n^  and  p^  SiC  were  relatively  unaffected  by  discharge  composition,  as  shown  for  both 
materials  in  Figures  4-7  and  4-8  respectively.  There  is  clearly  some  structure  to  the  surfaces, 
but  at  all  conditions  they  are  still  relatively  smooth.  The  plasma  composition  dependence  of 
root-mean-square  (RMS)  roughness  is  plotted  in  Figure  4-9  for  SiCN,  n^  SiC  and  p^  SiC. 
The  values  for  SiCN  go  through  a minimum  at  ~33%  NF3  by  flow  in  NF3/O2,  and  become 
very  high  as  the  NF3  percentage  is  increased. 

The  surfaces  of  the  etched  SiC  were  chemically  clean  over  a very  broad  range  of 
conditions,  as  shown  in  the  AES  surface  scans  of  Figure  4-10.  In  all  cases  the  SiC  samples 
showed  stoichiometric  surfaces  over  the  whole  range  of  plasma  compositions,  with  very 
small  quantities  (<0.2  at%)  of  N-  or  F-  containing  residues  in  some  cases.  This  indicates  that 
Si  and  C are  being  removed  at  equal  rates  under  a wide  range  of  conditions  and  that  the  etch 
products,  once  formed,  are  readily  leaving  the  surface.  The  oxygen  signals  originates  fi’om 
the  presence  of  a native  oxide  due  to  atmospheric  exposure  during  transfer  of  the  samples 
fi"om  the  etch  reactor  to  the  AES  analysis  system.  We  did  not  perform  Auger  Electron 
Spectroscopy  (AES)  in  SiCN  samples,  but  we  suspect  that  the  surface  becomes  non- 
stoichiometric  through  preferential  loss  of  one  of  the  lattice  constituents  (probably  N 
because  NF3  is  the  most  volatile  of  the  prospective  etch  products). 
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Figure  4-6  AFM  surface  scans  of  SiCN  films  etched  in  NF3/O2  discharges 

(750W  source  power,  250W  rf  chuck  power,  2mTorr)  as  a function 
of  plasma  composition. 
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Figure  4-7  AFM  surface  scans  of  SiC  etched  in  NF3/O2  discharges 

(750W  source  power,  250W  rf  chuck  power,  2mTorr)  as  a function 
of  plasma  composition. 
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Figure  4-8  AFM  surface  scans  of  SiC  etched  in  NF3/O2  discharges 

(750W  source  power,  250W  rf  chuck  power,  2mTorr)  as  a function 
of  plasma  composition. 
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Figure  4-9  RMS  roughness  of  SiC,  and  SiC  measured  by  AFM  after 

etching  in  NF3/O2  discharges  (750W  source  power,  250W  rf 
chuck  power,  2mTorr)  as  a function  of  plasma  composition.  / 
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Figure  4-10  AES  surface  scans  from  SiC  after  etching  in  2mTorr, 

750W  source  power, 250W  rf  chuck  power  discharges 
of  I5NF3  (top),  IONF3/5O2  (center)  or  2NF3/I3O2  (bottom). 
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A final  issue  of  practical  interest  is  the  etch  selectivity  of  the  SiC  with  respect  to  the 
two  mask  materials,  photoresist  and  FTO.  Figure  4-1 1 shows  this  data  as  a function  of  source 
power  in  IONF3/5O2,  2mTorr,  250W  if  chuck  power  discharges.  As  expected  there  is  no 
selectivity  with  respect  to  photoresist,  but  the  fTO  has  excellent  etch  resistance,^^^^  which 
increases  as  source  power  is  increased  due  to  the  associated  reduction  in  ion  energy.  A basic 
problem  with  dry  etching  of  SiC  is  that  the  F-based  chemistries  which  are  most  effective 
have  poor  selectivity  for  Si02,  SiNx  and  resist,  requiring  the  use  of  non-standard  mask 
materials. 


Selectivity 
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Figvire  4-11  Etch  selectivity  for  SiC  relative  to  ITO  and  photoresist  as  a 

function  of  TCP  source  power  in  IONF3/5O2,  250W 
chuck  power,  2mTorr  discharges. 


CHAl^TERS 

SUMMARY 

As  predicted  by  the  volatilities  of  the  potential  etch  products,  plasma  chemistries 
based  on  CI2,  F2  or  CH4/H2  did  not  show  any  degree  of  chemical  enhancement  for  etching 
of  LaCaMnOs.  Use  of  I2-  or  Br2-based  mixtures  provides  a small  degree  of  chemical 
enhancement  relative  to  pure  Ar  sputtering.  For  this  material,  it  is  a disadvantage  to  use 
simple  Ar  ion  milling  for  pattern  transfer  processes  at  modest  acceleration  voltages  in 
order  to  avoid  preferential  sputtering  effects  if  deep  features  are  required,  because  the 
associated  mask  thickness  would  need  to  be  similar  to  the  etch  depth  in  the  LaCaMnOs. 
Smooth,  anisotropic  pattern  transfer  is  achieved  under  ECR  and  ICP  plasma  conditions. 
The  etch  rates  are  a strong  function  of  plasma  composition,  ion  flux  and  ion  energy.  lon- 
to-neutral  ratios  on  order  0.02  are  available  under  ICP  conditions  based  on  I2  or  Br2 
plasma  chemistries  (much  higher  than  in  conventional  RIE  tools,  ~10‘®),  and  provide  the 
ability  to  enhance  the  desorption  of  otherwise  involatile  etch  products.  However  it  is  still 
problematic  as  to  whether  there  is  sufficient  advantage  gained  by  using  BI3  and  BBrs 
relative  to  pure  Ar  sputtering  to  justify  the  extra  precautions  needed  in  handling  these 
corrosive  materials.  By  contrast,  chemical  etch  enhancements  relative  to-  pure  Ar 
sputtering  were  obtained  for  SmCo  with  Cl2/Ar  over  the  whole  range  of  dc  self-biases 
examined  and  with  SFe/Ar  at  low  biases  (up  to  approximately  -200V).  The  sidewalls  on 
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etched  features  were  again  vertical,  and  the  etched  field  quite  smooth.  Selectivities  as 
high  as  ~ 12  were  obtained  for  SmCo  with  respect  to  Si02  and  SiNx  in  Cl2/Ar  discharges. 

ICP  NFs-based  discharges  produce  smooth  pattern  transfer  in  SiC  and  SiCN  at  high 
rates  (~3,500  A/min  in  both  n^  and  p"^  SiC,  and  ~7,500  A/min  in  SiCN  thin  films.)  The 
surface  morphology  of  SiC  was  essentially  independent  of  plasma  composition  in  NF3/O2 
discharges,  but  SiCN  was  much  more  sensitive  to  the  atomic  fluorine  concentration.  The 
etch  rates  of  both  SiC  and  SiCN  were  strong  functions  of  ion  flux,  ion  energy  and  fluorine 
concentration.  This  is  consistent  with  the  idea  that  the  initial  bond-breaking  in  the  materials 
is  an  important  step  in  the  etch  mechanism  and  this  is  enhanced  at  high  ion  fluxes  and  ion 
energies  . Provided  that  there  are  sufficient  weakened  or  broken  bonds  available  for  atomic 
fluorine  to  bond  to  , then  the  concentration  of  this  reactant  becomes  the  limiting  step.  The 
advantage  of  using  NF3  is  that  it  is  more  readily  dissociated  than  CF4  or  SFe  and  the 
combination  with  an  ICP  source  means  that  ion  energy,  ion  flux  and  atomic  neutral  density 
can  be  readily  adjusted  to  produce  high  fidelity  pattern  transfer.  ITO  is  an  excellent  mask 
material  when  etching  deep  (>2  pm)  features,  since  selectivities  of  SiC  to  photoresist  are 
only  ~2:1. 
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